As a first step in developing a health monitoring system, the effect of delamination on the natural frequencies of laminated composite beams has been investigated. A piezoceramic patch driven with a linear rapid frequency sweep was used to induce vibrations on the structure and its response registered via piezoelectric film sensors. Modal frequencies were obtained through a method defined here as the maximum amplitude at resonance (MAR), which has proved to be a simple and effective procedure. Changes of the modal frequencies after delamination initiation, compared to those of an uncracked (non-delaminated) specimen, gave a good indication of the degree of damage, especially at high modal frequencies (9-12 kHz).
INTRODUCTION
The enormous potential that composite materials can offer to aerospace industry and many other sectors has been hindered by the lack of a reliable health monitoring system capable of detecting damage occurrence in fibre reinforced plastics. The presence of delamination may degrade severely the stiffness and strength of composites and in some cases lead to catastrophic failure. If composites are to play a bigger role in industry then a reliable integrity assessment system has to be developed. The principle behind damage detection methods based on modal analysis is that damage reduces the dynamic stiffness (EI) of a structure that results in reduction of the resonant frequencies [1] . Consequently, the measurement of resonant frequencies of a structure at two or more stages of its life offers the possibility of detecting the presence of damage [2] . Over the years, several investigators using this approach have produced analytical [3] [4] [5] , numerical [6] [7] [8] and experimental [9] [10] [11] results for the effect of delaminations on the vibrational response of composite laminates; delamination size, location along the specimen length and through the thickness, together with different mode numbers have been examined. All these studies strongly indicate that changes in the modal frequencies could be used as a parameter for damage assessment.
The aim of this work is to study the effect of delamination on the natural frequencies of currently used laminated composite beams and to examine the performance of piezoelectric materials as sensor/actuator devices. This will contribute in the development of an active damage assessment system capable of detecting delaminations in composites using piezoelectric devices to detect changes of the modal frequencies. Such a system would ideally be able to monitor continuously the integrity of structural members avoiding expensive maintenance evaluation programmes.
VIBRATIONAL TEST METHOD
The maximum amplitude at resonance (MAR) procedure was used to extract modal frequencies [12] . This procedure follows the simple premise of locating a series of maximum sensor output (maximum peak to peak voltage) while the frequency of the excitation signal varies. If the maximum amplitude of vibration is considered to occur at resonance (this assumption introduces a negligible error for light damped structures), then by sweeping through the frequency range of interest and correlating maximum sensor output to frequency it is possible to extract the modal frequencies, as illustrated in Fig. 1 . In this fashion an indication of the presence of damage is represented by a shift of the original posi-tion of all sensor maxima with respect to the frequency scale. The variation of frequency was achieved using the rapid frequency sweep technique [13] ; a sine signal with a linear variation of frequency with time (chirp signal) was used, expressed as, f (t) = A sin (at 2 + bt) where w(t)= 2at+b with a=(w 2 -w 1 )/2T and b= w 1 T is the sweep time, and w 1 and w 2 are the initial and final frequencies, respectively.
TEST PROCEDURE AND SPECIMEN
DESIGN In order to study composites with self-sensing and actuating capabilities a cantilever laminated beam was instrumented with two piezoelectric elements. A commercial, brass backed, piezo ceramic transducer and a piezoelectric film element (AMP Inc., LDTO-028-K) were bonded near the beam fixed end and operated as actuator and sensor respectively. National Instruments LabVIEW ® signal processing and analog to digital card (PCI-MIO-16E-1) were used in conjunction with a personal computer to implement the frequency sweep technique in an automatic framework. The actuator was fed with a 10 V chirp signal employed to drive the composite beam. This software-generated signal was sent from the PC to the actuator at a rate of 200k samples/s during 2 s. The sensor response signal was conditioned by a charge amplifier (DJ Birchall Ltd., CA/04) and digitally recorded at the same sampling rate. Fig. 2 illustrates the experimental arrangement. The specimen with no delamination was tested first in the frequency range of 100 kHz-12 kHz where several sensor maxima were identified. Then the frequency range was adjusted to 9-12 kHz as the effects of delamination are expected to be more significant at relatively higher modes. As suggested by previous works [7, 8, 14] damage is commonly a local phenomenon where the response is caught by higher frequency modes whereas lower frequency modes tend to be mainly affected by the global response of the structure and are less sensitive to local stiffness changes. Soon after the modal frequency extraction for the non-delaminated reference case was completed the delamination was induced in situ. A sharp and thin scalpel blade was introduced into the beams midplane, 100 mm from the fixed end, where the tip of a small triangular piece of Teflon-film had been inserted during the manufacturing of the plate. The blade was pushed against the delamination front edge forcing it to grow until it reached the prescribed size, which was controlled by placing clamps at each side of the desired delamination extension. In this manner the delamination area was gradually extended from a small triangular shape located at one edge of the beam until it reached full width delamination, 25 mm in length, as depicted in the detail shown on Fig. 2 . Every time the extent of delamination was increased the software code was executed in order to monitor changes on the natural frequencies. The laminate was fabricated using T800-924C prepreg tapes. Individual test specimens 300mm long, 30 mm wide, and 1mm thick were cut from the laminate using a diamond-wheel saw. The elastic properties of the unidirectional ply were E 11 = 161 GPa, E 22 = 9.25 GPa, n 12 =0.34, G 12 = 6 GPa, and density r = 1536 Kg/ m 3 [15] .
then the delamination detection method employed here can potentially detect defects smaller than 10 mm 2 on the composite beams used in a continuous and automated process.
CONCLUDING REMARKS
The effect of delamination on the natural frequencies of laminated composite beams has been investigated. A piezoceramic transducer was used to induce vibrations on the structure and its response registered via a piezoelectric film sensor. Changes of the modal frequencies compared to those of a non-delaminated specimen gave good indication of the degree of damage, especially at high frequencies.
The idea of using vibration testing as a base for damage detection in composite laminates is not a new one. Nevertheless most of the experimental work on damage detection using modal analysis found in the literature mainly explores the dynamic behaviour of structures near the first four to six modal frequencies (up to 2 kHz). As shown in this work the use of vibration at higher frequencies allows easy identification of the delamination presence in the cantilever composite beam. Furthermore, previous investigations 4. RESULTS Fig. 3 summarises the experimental modal frequencies in the 9-12 kHz range. It clearly shows the reduction of resonant frequencies as the delamination area increases. The 17th and 19th modes were not excited when the delamination size reached the full width of the beam, i.e. a maximum on the sensor response for these two modes could not be identified, possibly because of a change in the order of modes or mode splitting due to damage. To give a better sense of the delamination size the parameter used to represent damage growth was the diameter of a circle with an equivalent area to the experimental delamination areas, determined by ultrasonic cscan. It can be seen from these results that a reduction of say 100 Hz on the modal frequencies (in the 9-12 kHz range) corresponds to a delamination area of a circle with a 10 mm diameter. Taking into account that modal frequency changes smaller than 100 Hz have been detected, have always represented the damaged scenario with artificial delaminations covering the whole specimen width, rather than a slow growing delaminations from the free edge as simulated here, which corresponds to damage patterns observed in fatigue loading.
The MAR procedure has demonstrated to be a simple and effective method for modal frequency measurements. This technique uses frequency as a controlled parameter to which the sensor response (voltage) is related. It simplifies the signal analysis processing and eliminates problems with frequency resolution and sampling rates typically encountered when dealing with frequency response function measurements. Using the rapid frequency sweep the time for each test was of the order of one to five seconds with excellent repeatability of events.
Future work will focus on detecting delamination during impact or fatigue loading. Also in order to assess the applicability of this delamination evaluation scheme modal analysis testings will be performed on specimens with different dimensions and geometrical configurations (large 
